Osteoclasts (OCs) are multinucleated cells, originated by the differentiation of monocyte / macrophage precursor cells. The OC precursors circulate in the peripheral blood, expressing CD11b -c, CD14 and receptor activator of nuclear factor-(RANK). 1 The OC formation is driven by contact with mesenchymal cells in bone, which express RANK ligand (RANKL). 2 RANKL is a member of the tumor necrosis factor (TNF) superfamily, it exists as membrane-bound protein, 3 cleaved in a soluble form (sRANKL) by metalloproteinases. 4 -5 In vitro , in the absence of stromal cells, RANKL can activate mature OCs in a dosedependent manner 6 whereas in vivo it can lead rapidly to the resorption of bone by activating pre-existing OCs. 7 -8 RANKL inhibition through its natural decoy receptor osteoprotegerin (OPG) prevents bone loss in postmenopausal osteoporosis and cancer metastasis. Several diseases associated with bone loss are linked to the alteration in RANKL to OPG axis. 9 Other factors have been described to affect osteoclastogenesis, such as parathyroid hormone, parathyroid hormone-related protein, 1,25(OH) 2 D 3 , glucocorticoids, interleukin (IL)-1, IL-6, IL-7, IL-11, TNF-and prostaglandin-E 2 . 10 -12 Many of these factors exert most of their osteoclastogenic activity by inducing RANKL expression on osteoblasts (OBs). 2, 13 
T cells and osteoclasts
L D ' Amico and I Roato and IL-18 can boost the activating effect of T cells on OCs, because they upregulate RANKL expression on T cells. 21 A negative link between T-cell activation and bone resorption is represented by IFN-that was shown to block RANKL signaling and thus to inhibit OC differentiation in vitro . 22 In contrast with this in vitro effects, IFN-in animal model of estrogen deficiency and rheumatoid arthritis (RA) promotes the OC formation and bone resorption. 23, 24 These data underline the controversial role of IFN-in osteoclastogenesis.
Recently, investigators focused on the OC modulatory activity of T cells, showing that OCs can present antigenic peptides to T cells, inducing FoxP3 expression in CD8 + T cells. 25 In this way, CD8 / FoxP3 + cells function as T-regulatory cells, able to cause an inappropriate activation of the immune response. 25 The cellular responses in cell-to-cell interactions between T cells and OCs are regulated through reciprocal CD137 / CD137L and RANK / RANKL interactions. CD137 is a co-stimulatory member of the TNF receptor induced by T-cell receptor activation. It is capable to transduce signals in both directions, through the receptor and into the cell that expresses the ligand. CD137L is expressed on DCs and OC precursors: in vitro CD137L ligation suppresses osteoclastogenesis, by inhibiting the multinucleation process. On the other hand, RANKL expressed on T cells binds to RANK on OCs, producing a reverse signal in T cells able to enhance apoptosis. 26 
OCs and T Cells in RA
In RA, inflammation of the synovial joints at last causes the formation of a hyperplastic structure called the pannus, which invades the joint space destroying cartilage and bone. OCs are found mainly at the site of focal erosion, where they destroy the mineralised cartilage and subchondral bone. The destruction of these tissues leads to deep resorption pits, which are filled by inflammatory cells. An inflammatory milieu induces na ï ve T cells to differentiate in Th17 cells, a specialized inflammatory subset, capable of inducing RANKL expression on OBs and synovial fibroblasts. IL-17 also enhances local inflammation and increases the production of inflammatory cytokines, which further promote RANKL expression and activity. Therefore, Th17 cells are the link between T cell response and bone destruction in RA. 27 A potential role for naturally occurring regulatory T cell in RA has been proposed and the imbalance between pro-inflammatory Th17 cells and T-regulatory cells seems to be determinant. 28 In fact, an increase of T-regulatory cell number improves clinical signs of arthritis and suppressed local and systemic bone destruction. 29 Synovial tissues of patients with RA also produce many factors regulating bone resorption, such as TNF-, IL-1 and IL-6, which amplify OC differentiation, activation and consequent bone destruction. 30 Inhibitors that target these pro-inflammatory cytokines have been approved for the treatment of RA, contrasting the OC formation and the release of pro-osteoclastogenic factors by mesenchymal cells. 31 For example, data from clinical trials confirm that inhibiting TNF-activity in RA protects against bone erosion. 32 These effects are due to the direct reduction of OC-mediated bone loss and increase of osteoblast-mediated bone formation. A humanized anti-IL-6 receptor monoclonal antibody has been approved for RA treatment because it reduces disease activity and bone loss through the inhibition of osteoclastogenesis. 33, 34 In addition to the typical pro-inflammatory cytokines, Rifas and Weitzmann 35 described a novel cytokine, called secreted osteoclastogenic factor of activated T cells, which promotes OC formation in the absence of OBs and RANKL. Secreted osteoclastogenic factor of activated T cell induces IL-6 production by OBs, thus it indirectly activates osteoclastogenesis and may exacerbate inflammation and bone destruction under inflammatory conditions such as RA.
Recently, investigators demonstrated that RANKL with macrophage colony-stimulating factor can induce transdifferentiation of immature DCs to the OC lineage and that this process is significantly enhanced by RA synovial fluid. 36 DCs are antigen-presenting cells, but they could function as OC precursors in inflammatory conditions, transforming into DC-derived OC. Moreover, DCs modulate T-cell activity through the RANK / RANKL pathway and other cytokines associated with osteoclastogenesis. Thus, DCs could function as an osteoimmune interface, contributing to bone loss in inflammatory diseases. 37 Literature reports other factors, expressed in synovial tissues, which may rule bone resorption. In particular, a peptide derived from T-cell leukemia translocation-associated gene protein, expressed in synovial tissues from RA patients, has been demonstrated to be able to inhibit pit formation by mature human OCs and to suppress the formation of large OCs in the culture. The use of polyclonal antibodies against T-cell leukemia translocation-associated gene protein inhibited the formation of large OCs in the cultures, preventing OC precursor cellular fusion. 38 Moreover, T-cell protein tyrosine phosphatase, an important regulator of hematopoiesis and cytokine signaling, has been recognized to have a role in the pathogenesis of RA. T-cell protein tyrosine phosphatase deficiency has been associated with a bone mass reduction, an increased OC activity, an infiltration of mixed inflammatory cell types and the release of pro-inflammatory cytokines in the knee joints. 39 In summary, the identification of the cytokines and factors involved in the inflammatory processes in RA allowed treatment advances for this disease, and further improvements are advisable.
OCs and T Cells in Osteoporosis
Osteoporosis is characterised by a systemic impairment of bone mass, strength and microarchitecture, which increases the propensity of fragility fractures. Osteoporosis includes many skeletal disorders such as postmenopausal, senile osteoporosis and idiopathic osteoporosis. The first two clinically overlap, whereas the third is used for premenopausal women and young men with osteoporotic fragility fractures without identifiable secondary causes. Osteoporosis is a multifactorial disease: genetic, nutrition and lifestyle determinants have been recognized to cooperate in its pathogenesis. From a biological point of view, in osteoporotic patients there is a decreased bone mass and increased fragility, caused by an upregulated OC activity and a reduced boneforming activity. In patients with fragility fractures, bone marrow cells are mainly responsible for the pro-osteoclastogenic macrophage colony-stimulating factor and RANKL production, whereas bone releases OB inhibitors, such as DKK-1 and sclerostin. 40 These two molecules own to the Wnt protein family, which is determinant in maintaining bone mass. DKK-1 and T cells and osteoclasts L D ' Amico and I Roato sclerostin are thought to be involved in the pathogenesis of arthritis, 41 glucocorticoid-induced osteoporosis and disuse osteoporosis. 42 In the early postmenopause period there is an acute phase of estrogen deficiency, characterised by a rapid bone loss, which is crucial for the onset of postmenopausal osteoporosis. 43 Estrogen deficiency causes an increase in the immune function, which culminates in an overproduction of TNF-through a complex mechanism mediated by activated T cells, antigen-presenting cells and the cytokines, such as IFN-, IL-7 and TGF-. 44 TNF-stimulates the OC formation and bone resorption both directly and by augmenting the sensitivity of maturing OCs to RANKL. Studies in mice suggest that activated T cells are the most relevant source of TNF-in conditions of estrogen deficiency. 45 In fact, in animal model, the adoptive transfer of wild-type T cells restores the capacity of ovariectomy to induce bone loss, while transfer of T cells from TNF-null mice does not. 46 As ovariectomy increases the proliferation of unstimulated T cells and the number of bone marrow T cells, in vivo estrogens may regulate the number of TNF--producing T cells, rather than TNF gene expression. This hypothesis is confirmed by the finding that in vitro estrogen treatment of cultured T cells did not blunt the ability of T cells from ovariectomized mice to produce TNF-. 46 Recently, T-cell co-stimulatory molecule CD40 ligand has been demonstrated to have a pivotal role in stimulating T-cell activation and TNF production by T cells, thus promoting osteoclastogenesis. 47 In postmenopausal women, the production of pro-inflammatory cytokines is greater than in premenopausal subjects and it is related to estrogen deficiency. 48 In peripheral blood mononuclear cells (PBMCs) derived from women affected by postmenopausal osteoporosis, a significant increase in spontaneous OC formation and bone-resorbing activity in vitro have been described. 49 This phenomenon is due to an increase of circulating OC precursors and to an enhanced TNF-and RANKL production in patients compared with healthy controls. Moreover, in postmenopausal osteoporosis women, T cells showed a more active phenotype, stimulating osteoclastogenesis, compared with premenopausal and postmenopausal healthy women. 19 The major part of the data concerning T cell and OC interactions in osteoporosis derived from animal models, thus it is advisable to further improve the study of this relationship in humans.
OCs and T Cells in Bone Metastases
Bone metastases represent a common cause of morbidity in patients suffering different types of cancer and are commonly classified in osteolytic and osteoblastic. Osteotropic tumors, such as the breast, lung, kidney and prostate cancer, may show both aspects. In the osteolytic metastases the bone destruction is mediated by the OCs, even though the OC activation varies depending on the tumors. The affinity of some tumors to grow in bone results from the special microenvironment provided by bone. Activated OCs resorb bone and release growth factors from the bone matrix, which stimulate the growth of metastatic tumor cells. The last, in turn, secrete additional factors that act on bone cells, creating a vicious cycle and consequent bone metastases. The most prominent cause of bone destruction in metastases is parathyroid hormone-related protein, which stimulates OC bone resorption and is secreted by many cancer types. 50 Moreover, tumor cells secrete many cytokines, such as IL-6, IL-8 and IL-11, which increase the OC number, survival and activity.
The immune system and particularly T cells have a fundamental role in metastases formation, because the bone microenvironment is a reservoir of immune cell types. In breast cancer patients, memory T cells have been found in the bone marrow, suggesting their role in cancer immune surveillance. 51 Interestingly, some antibone metastatic therapies also showed immunomodulatory effects. For example, the blockade of TGF-at metastatic sites may locally activate an antitumor T-cell response, because normally TGF-, released in bone marrow by OC activity, inhibits T-cell proliferation. 52 Zoledronic acid, used as antiresorptive agent, can activate cytotoxic / -T cells and inhibit populations of myeloid-derived cells with T-cell-suppressor capabilities. 53 Another recent work by Zhang et al. 54 provides compelling evidence that a condition of immune deficiency can interfere with the antitumor effects of OC blockade, and CD8 + T cells are able to reduce the growth of tumor cells in the bone, regardless of OC functionality.
Further proof of the direct dialogue between T cells and OCs has been derived by studies conducted on patients affected by osteotropic solid tumors. The PBMCs of patients affected by solid tumors with bone metastases show an increase of circulating OC precursors compared with both healthy controls and cancer patients without bone metastases. 16 These OC precursors differentiate into mature, multinucleated and bone-resorbing OCs in vitro , without adding pro-osteoclastogenic factors. This spontaneous osteoclastogenesis in vitro depends on T cells, which release TNF-and RANKL. In fact, T-cell-depleted PBMCs did not differentiate into OCs without adding macrophage colony-stimulating factor and RANKL. 16 IL-7, released by tumor cells, 20, 55 regulates the production of pro-osteoclastogenic factors by T cells. IL-7 rules T-and B-cell proliferation, but it has also a role in bone homeostasis. 56 In bone metastatic patients IL-7 sera levels were found to be significantly higher than in non-bone metastatic patients and in healthy controls. 57 This serum IL-7 increase seems to directly depend on tumor production: a strong IL-7 expression was detected in tumor masses originated in a human-in-mice model of bone metastases and in human bone metastatic biopsies. 55 These data support an active role of IL-7 in promoting bone metastatization.
Multiple myeloma (MM) is a B-cell neoplasm characterised by lytic bone disease. The cross-talk between MM cells and OCs is critical for the osteoclastogenesis induction and the OB inhibition. 58 In the pathogenesis of MM bone disease, myeloma cells induce an OPG / RANKL imbalance: RANKL production is increased and OPG is decreased. Several studies suggest that myeloma cells upregulate RANKL and downregulate IFN-, which is known to be a strong suppressor of osteoclastogenesis. In MM, IL-7 also stimulates osteoclastogenesis through the upregulation of RANKL production by T cells and its level in the sera of MM patients is high. 59 In culture of PBMCs obtained from myeloma patients, OCs developed without adding exogenous stimulating factors and this osteoclastogenesis is dependent on RANKL and T cells. 60 Furthermore, T cells from MM patients also overexpress OPG and TNF-related apoptosis-inducing ligand, which binds OPG and promote the increased osteoclastogenesis. 61 These findings suggest that targeting the RANK / RANKL / OPG pathway could be efficacious to control bone metastases.
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OCs and T Cells in Periprosthetic Osteolysis
Loosening of total hip arthroplasty caused by periprosthetic osteolysis is a major clinical problem and makes revision surgery essential for the patients. The periprosthetic bone-destruction phenomenon is due to local inflammatory reaction to implant wear debris. 62 Activated periprosthetic cells secrete cytokines and chemokines, which induce the recruitment of inflammatory cells, the formation of osteolytic granulomas and affect the bone remodeling. Wear debris induce phagocytosis by macrophages, which activate the OC signaling pathway. In periprosthetic osteolysis, OC activity is increased and mainly dependent on RANKL, even though a TNF--dependent osteoclatogenesis has been described. 63 Loosened total hip arthroplasty patients had higher levels of inflammatory cytokines IL-6, IL-8 and IL-10 in the synovial fluid than primary total hip arthroplasty patients. 62 Moreover, there is a positive correlation among the levels of IL-6, IL-8, IL-10 and RANKL in the synovial fluid or RANKL expression on osteoblastic stromal cells in the periprosthetic bone marrow. IL-6 increases bone resorption by stimulating RANKL production in OBs and enhancing RANKL sensitivity in OCs. IL-8 induces RANKL expression in OBs and directly stimulates osteoclastogenesis and bone resorption. Further downstream signaling by wear debris overlaps with that of TNF and RANKL and activate kinases and molecules involved in OC differentiation and activation. 64 In vitro spontaneous osteoclastogenesis has been documented, after cultures of PBMCs derived from periprosthetic osteolysis patients. This osteoclastogenesis is RANKL and T-cell dependent as it was inhibited by RANK-Fc addition in cell culture and by T-cell depletion. 17 In these patients, T cells are close to OCs in the periprosthetic tissues, suggesting their interaction. Local CD8 + T cells show a regulatory phenotype, expressing CD25 and FoxP3, whereas CD4 + T cells do not express activation markers. The regulatory phenotype of CD8 + T cells may explain the inhibition of effector CD4 + T cells, which are often found inactive in periprosthetic tissue. Thus, a possible pathogenic mechanism of periprosthetic osteolysis may be represented by T cells that initially proliferate and support osteoclatogenesis through the RANK / RANKL pathway. Later, OCs may provide a negative feedback on T cells, leading to the activation of regulatory CD8 + T cells and subsequent inhibition of CD4 + T cells. 17 The role of T cells in supporting osteolysis may suggest the use of preventive treatment with bisphosfonates, because T cells prevent OC apoptosis induced by these molecules. 65 
OCs and T Cells in Pediatric Disease
The literature widely documented pediatric disesases with a bone impairment, using both radiological and ultrasound methods. 66 PKU is an inborn error of amino-acid metabolism resulting from deficiency of phenylalanine metabolism. An early protein-restricted diet integrated with phenylalanine-free medical foods successfully prevents the irreversible developmental delay characteristic of the natural course of the disease, by maintaining plasma phenylalanine concentrations in the nonneurotoxic. Poor compliance to dietary prescriptions is common during adolescence, as the risk of the mental retardation due to hyperphenylalaninemia seems to be insignificant at this age. However, this laxity of dietary restriction has been related to systemic complications of PKU in adulthood, such as bone impairment. An increased spontaneous osteoclastogenesis in vitro was documented in a cohort of PKU patients, 67 consistent with the increased bone resorption markers in affected patients. This osteoclastogenesis in PKU depends on an increased number of circulating OC precursors. TNF-seems to stimulate and be regulated by OC precursors, whereas OC maturation depends on RANKL and T cells. Among PBMCs of PKU patients T cells showed an activated phenotype. The level of spontaneous osteoclastogenesis and the T-cell activation state correlated with PKU patients ' bone condition. Thus, the finding of a specific sub-population of activated T cells accounting for spontaneous osteoclastogenesis infers a dysfunctional immune system activation in PKU patients. Moreover, there is a direct correlation between plasma phenylalanine concentration and spontaneous osteoclastogenesis in PKU patients, suggesting that hyperphenylalaninemia could enhance OC differentiation and consequently promote bone resorption. 18 Another childhood pathological condition relating to bone impairment is 21-hydroxylase deficiency (21-OHD). 21-OHD is the most common cause of congenital adrenal hyperplasia, resulting from deletions or mutations of the P450 21-hydroxylase gene ( CYP21 ). 68 Children with 21-OHD need chronic glucocorticoid therapy as soon as they are diagnosed with the disease, to both replace the congenital deficit in cortisol synthesis and to reduce the androgen secretion by the adrenal cortex. In a cohort of 21-OHD patients, a slight reduction in bone mass has been documented as well as the spontaneous formation of mature, multinucleated and bone-resorbing OCs in unstimulated PBMC culture. 69 This spontaneous osteoclastogenesis seems to correlate directly with the higher number of circulating OC precursors present in 21-OHD patients compared with controls, and demonstrates that OC precursors are markedly increased in the circulation of 21-OHD patients. 69 Osteoclastogenesis in 21-OHD patients ' PBMC cultures was dependent on T cells, which produce macrophage colony-stimulating factor and RANKL. In particular, T cells from patients expressed high levels of RANKL and low levels of OPG compared with controls. In fact, RANKL was significantly elevated in the sera from 21-OHD patients, whereas OPG decreased, thus the RANKL to OPG ratio was higher in the sera of 21-OHD patients than in controls. The high levels of OC precursors, the T-cell-dependent osteoclastogenesis and the high RANK to OPG ratio in 21-OHD patients could explain the slight reduction in the bone mineral density of these subjects. The prevention of bone loss is mandatory for children, thus the osteoimmunology field needs further investigation in pediatric diseases, to identify treatments able to preserve the status and development of bone in children.
Concluding Remarks and Future Directions
The osteoimmunology field focused on cellular and molecular mechanisms of the immune system that impact bone loss. In particular, the study of the interaction between OCs and T cells allowed to better define the pathophysiology of many diseases characterized by bone destruction, identifying different mediators of bone loss. In fact, numerous cytokines that were first shown to regulate immune cell function have also been demonstrated to regulate bone cells and influence skeletal health ( Figure 1 ). Conversely, products of bone cells are critical for the engraftment of marrow in bone, the normal development of the hematopoietic and immune systems and provide niche for long-term memory B and T cells. Many inhibitors of T cells and osteoclasts L D ' Amico and I Roato pro-osteoclastogenic cytokines and factors have been developed and many others are currently under investigation. New antiresorptive agents targeting the cross-talk between OC and T cell could represent a successful strategy to treat diseases characterized by unbalanced bone remodeling. 
